Diverse crop rotations sustain crop productivity by increasing crop water productivity and improving soil structure. Th e objective of this study was to compare two 4-yr winter wheat (Triticum aestivum L.) and grain sorghum (Sorghum bicolor L.) rotations in terms of grain yield, available soil water, and water productivity along with continuous winter wheat. A fi eld study was conducted from 1996 through 2015 on a deep silt loam soil near Tribune, KS. Th e study consisted of three crop rotations: continuous annual wheat (WW), wheat-wheat-sorghumfallow (WWSF), and wheat-sorghum-sorghum-fallow (WSSF). Grain yield, biomass, water productivity, and soil water were all greater for sorghum aft er wheat compared with sorghum aft er sorghum. Similarly, grain yield, biomass, water productivity, and soil water were all greater for wheat aft er fallow compared with wheat aft er wheat. Th e yield of the second wheat crop was 80% of the fi rst wheat crop in WWSF, whereas the yield of a second sorghum was only 63% of the fi rst sorghum crop in WSSF. Th e average crop water productivity (7 kg ha -1 mm -1 ) of the WSSF rotation was greater than the other rotations. On average, the WSSF system produced 2.05 Mg ha -1 yr -1 wheat equivalent yield (WEY), which was similar to the 1.96 Mg ha -1 yr -1 WEY from the WWSF rotation and greater than WW, which produced 1.53 Mg ha -1 yr -1 of wheat grain. A WSF rotation would have produced 2.0 Mg ha -1 yr -1 WEY, so the 4-yr rotations were not more productive than a 3-yr WSF rotation.
D
iverse crop rotation is a long-proven crop management system that sustains crop productivity by reducing weed seedbank, increasing crop water productivity, and improving soil structure compared with monoculture cropping scenarios. Th e most common dryland rotation in the Great Plains has been a 2-yr wheat-fallow system (Anderson et al., 1999; Assefa et al., 2014; Hansen et al., 2012; Norwood, 2000) . Drawbacks of the wheat-fallow rotation include soil quality degradation, loss of organic matter, low precipitation use efficiency, and a relatively small contribution in breaking weed cycles (Anderson et al., 1999; Peterson et al., 1993) . Improvements in fertilizer, pesticide, and tillage technologies have enabled inclusion of warm-season crops, such as sorghum, corn (Zea mays L.), soybean [Glycine max (L.) Merr.], sunfl ower (Helianthus annuus L.), and proso millet (Panicum miliaceum L.), in rotations with wheat. Th e rotation of a warm-season crop with winter wheat comes with many advantages that lead to more effi cient land and water use (Hansen et al., 2012; Nielsen et al., 2002) .
Currently, a 3-yr wheat-warm season crop (Sc; most oft en grain sorghum or corn)-fallow (W-Sc-F) rotation accounts for the greatest percentage of crop rotations in the Great Plains (Assefa et al., 2014; Hansen et al., 2012; Tarkalson et al, 2006) . However, a number of similar 3-or 4-yr crop rotations exist. For example, 2 yr of wheat followed by Sc and fallow (W-WSc-F) or wheat followed by 2 yr of Sc and fallow (W-Sc-Sc-F) were common in Kansas aft er the popular W-Sc-F rotation (Assefa et al., 2014) . Th e positive impact of a more intense crop rotation on weed seedbank reduction, reduction in N fertilizer requirement, sustainable yield increase, and profi tability has been reported (Coulter et al., 2011; Davis et al., 2012; Stanger et al., 2008; Teasdale et al., 2004) . However, a long-term study on the Abbreviations: F, fallow; HI, harvest index; Sc, warm-season crop; UAN, urea ammonium nitrate; WEY, wheat equivalent yield; WSSF, wheat-sorghum-sorghum-fallow; Wssf, wheat in wheat-sorghumsorghum-fallow that comes aft er fallow; WW, continuous annual wheat; wsSf, sorghum aft er sorghum in wheat-sorghum-sorghumfallow; wSsf, sorghum that comes aft er wheat in wheat-sorghumsorghum-fallow; WWSF, wheat-wheat-sorghum-fallow; Wwsf, wheat in wheat-wheat-sorghum-fallow that comes aft er fallow; wWsf, wheat that comes aft er wheat in wheat-wheat-sorghum-fallow; wwSf, sorghum that comes aft er wheat in wheat-wheat-sorghum-fallow.
Core Ideas
• Grain yield of the second wheat crop was 80% of fi rst wheat crop in WWSF.
• Grain yield of the second sorghum crop was 63% of fi rst sorghum crop in WSSF.
• Four-year rotations were similar in productivity to 3-yr WSF.
• Water productivity was greater with 4-yr rotations than continuous wheat.
• Continuous no-till did not increase second year wheat and sorghum yields.
yield, water use, water productivity, and profitability of these 4-yr dryland crop rotation systems (W-Sc-Sc-F and W-W-Sc-F) is lacking. In dryland agriculture, increasing cropping intensity and reducing the frequency of tillage increases crop water productivity and profitability (Dhuyvetter et al., 1996) . Peterson et al. (1999) found that 3-and 4-yr diverse wheat-based rotations (wheat-corn or sorghum-fallow, wheat-corn-millet-fallow, and wheatsorghum-sorghum-fallow) increased annual grain production by 74% and annual net income by 25 to 40% compared with the 2-yr wheat-fallow rotation. Similar evidence of greater profits, reduced inputs, increased yields, and improved sustainability exists for extended rotation systems (4 or 5 yr) compared with short rotation cycles (3 or 2 yr) in the Great Plains and other locations (Davis et al. 2012; Haag et al., 2003; Stanger et al., 2008) . However, profitability, yield, water use, weed control, and environment of rotations are dependent on the crops involved and not only on the number of years in the rotation cycles. 1996  4  6  27  7  103  72  113  119  96  0  8  2  556  1997  3  25  0  36  40  86  135  112  47  102  2  42  628  1998  1  12  39  23  64  22  166  28  15  28  38  8  444  1999  13  10  38  77  96  49  130  47  41  37  2  4  543  2000  9  1  68  33  6  16  78  32  11  102  15  4  375  2001  39  9  14  9  92  31  87  45  11  3  7  3  349  2002  10  3  2  10  30  26  8  36  33  91  3  2  254  2003  2  19  30  37  85  159  15  27  23  1  6  5  409  2004  2  11  26  104  0  189  109  91  59  20  49  6  666  2005  11  15  18  47  42  114  31  98  9  91  2  6  482  2006  9  0  28  5  41  78  54  40  25  103  4  97  483  2007  20  10  37  84  28  36  13  84  19  4  2  33  369  2008  2  6  19  23  9  31  65  122  21  75  9  8  390  2009  8  12  24  55  25  72  56  68  20  63  24  13  439  2010  12  14  53  38  88  49  104  96  9  8  3  7  480  2011  8  18  22  35  20  122  131  86  24  64  16  36  582  2012  1  8  22  56  5  15  10  17  25  18  0  14  190  2013  4  16  12  4  49  46  51  161  71  28  0  0  443  2014  16  12  5  25  22  92  69  72  34  41  5  21  414  2015  7  16  3  47  157  29  100  63  8  63  57  2  552 Average monthly temperature (°C) 1996 -2. Winter wheat and grain sorghum consisted of 33% (6.4 million ha) of the total crop harvested area (~19 million ha) in the central Great Plains region (Colorado, Kansas, and Nebraska) of the United States in 2015 (USDA, 2015) . The remaining harvested area constituted corn (30%), soybean (19%), and other crops such as sunflower, barley (Hordeum vulgare L.), oat (Avena sativa L.), proso millet, alfalfa (Medicago sativa L.), and other hay (~18%). Although the relative benefits of 2-yr wheat-fallow and 3-yr wheat-sorghum-fallow systems compared with continuous wheat are documented, evaluation of a 4-yr wheat-sorghum rotation is not well documented with long-term studies. The objectives of our research were to compare two 4-yr wheat and grain sorghum rotations in terms of grain yield, available soil water, and water productivity along with continuous wheat and to determine whether the second wheat or sorghum crop in the 4-yr rotations would yield relatively better as the cumulative time in a no-till production system increased. Our hypothesis was that a long cycle (4-yr) rotation may provide greater yield and water productivity (better precipitation use efficiency and fallow precipitation storage efficiency) than continuous wheat or a wheat-sorghum-fallow rotation under dryland cropping conditions.
MATERIALS AND METHODS
This long-term rotation study was conducted at the Kansas State University Southwest Research-Extension Center near Tribune, KS (38°28¢13² N, 101°45¢16² W; elevation, 1101 m) from 1996 through 2015 on a deep silt loam soil (Ulysses silt loam [fine-silty, mixed, superactive, mesic Aridic Haplustolls]). The first 4 yr of the study were reported previously (Schlegel and Thompson, 2002) . The region is semiarid with a summer precipitation pattern, and average annual precipitation for the years 1996 through 2015 was 452 mm ( Table 1 ). The study consisted of three crop rotations ( Fig. 1) : continuous annual winter wheat (WW), winter wheat-winter wheat-grain sorghum-fallow (WWSF), and winter wheat-grain sorghumgrain sorghum-fallow (WSSF). The experimental design was a randomized complete block design with four replications, and each phase of each rotation was present each year. The experimental plots were 12.2 m wide and 36.5 m long.
Planting dates were from late May to early June for grain sorghum (in 76 cm rows) and from the second week of September to the second week of October for winter wheat (in 19-cm rows using a drill with disc openers) ( Table 2) . Cultural practices (e.g., pesticides, hybrid selection, etc.) typical for the region were used in all years of the study. All sorghum and continuous wheat were grown using no-till practices throughout the study period, and all wheat following sorghum has been grown no-till since 1999. Herbicides used for weed control in fallow and in-crop varied across years. Fallow herbicide applications relied heavily on glyphosate (N-[phosphonomethyl] glycine), dicamba (3,6-dichloro-2-methoxybenzoic acid), and 2,4-D (2,4-dichlorophenoxy-acetic acid) applied as needed for weed control. In-crop herbicides for wheat included metsulfuron (methyl 2-[[[[(4-methoxy-6-methyl- 
acid) was applied in the spring instead of metsulfuron. Imazamox was only used on Clearfield wheat. For in-crop weed control for sorghum, atrazine (6-chloro-N 2 -ethyl-N 4 -isopropyl-1,3,5-triazine-2,4 diamine) and metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methlyethyl) acetamide] were applied pre-emergence. In recent years, mesotrione (2-[4-(methylsulfonyl)-2-nitrobenzoyl] cyclohexane-1,3-dione) was added to the herbicide mixture for sorghum.
Urea ammonium nitrate (UAN) (28% N) was applied at average rates of 67 and 90 kg N ha -1 for wheat and sorghum, respectively, with a liquid fertilizer applicator that dribblebanded the UAN on the surface in early spring. Starter fertilizer (ammonia polyphosphate, 10-34-0) was surface dribbled (5 cm from the row) to sorghum at planting to supply about 8 kg N ha -1 and 12 kg P ha -1 . For wheat, monoammonium phosphate (11-52-0) was applied with the seed at planting to supply about 7 kg N ha -1 and 15 kg P ha -1 .
The center portions (1.5 m wide for sorghum and 1.9 m for wheat) of the plots were machine harvested, and grain yields were measured and adjusted to 125 g kg -1 water content for both sorghum and wheat. Plant and head counts were made from the harvested area, seed mass was measured, and seeds per head were calculated. Aboveground biomass samples (3.04 m of row for both sorghum and wheat, for an area of 2.31 m 2 for sorghum and 0.58 m 2 for wheat) were taken at harvest, dried, and weighed. Harvest index was calculated as the ratio of grain yield to total aboveground biomass (both oven-dried weights).
Soil water measurements (0-180 cm depth in 30-cm depth increments) were taken gravimetrically (Johnson, 1992 ) near planting and after harvest. Crop water use was calculated by summing soil water depletion (soil water near planting less soil water after harvest) plus in-season precipitation. From the slope of the experimental site and soil and water conditions, we assumed that there was a low likelihood that significant runoff and deep percolation occurred at the study site, and therefore those quantities were not included in the calculation of crop water use. Non-growing season (fallow) soil water accumulation was the increase in soil water from harvest of one crop to planting of the following crop. Crop water productivity was calculated as grain yield (kg ha -1 ) divided by crop water use (mm). Fallow precipitation storage efficiency of a crop was calculated as a ratio of soil water accumulated in the fallow period (average soil water at planting minus average soil water at previous harvest) divided by total off-season (fallow period) precipitation.
Analysis of the effect of crop rotation and cropping sequence on yield of each crop was conducted for data from 1996 through 2015 in SAS (SAS Inst.) using the PROC MIXED procedure. Due to severe drought, sorghum yield and related data for years 2002 and 2012 and wheat yield and related data for the years 2002 and 2013 were not included in the analysis. Analysis was conducted by crop mainly focusing on the impact of previous crops on yield of either wheat or sorghum. Sorghum in WWSF and WSSF rotations followed wheat (wwSf or wSsf; capital letters indicate the crop in discussion) or sorghum (wsSf). Wheat followed wheat (WW, wWsf) or fallow after sorghum (Wssf or Wwsf). To study the effect of each sequence of rotation on yield in each year, the response variable (e.g., grain yield of each crop) was modeled against fixed variables crop sequence and year, and block (replication) was a random variable. When an overall average systems analysis was conducted, however, year was a random variable with block.
To compare rotations based on average yield of the rotation, first, grain yields obtained from component crops of each rotation were converted into wheat equivalent yield (WEY). Wheat equivalent yield was calculated for each crop by multiplying grain yield of each plot of the crop in the rotation with the ratio of the annual average price of the crop to the average annual price of wheat in the same year in Kansas [i.e., WEY = Y x (P x /P w ), where Y x is the plot yield of crop in rotation, P x is the average annual price of crop for same year in the state of Kansas, and P w is the average annual price of wheat in Kansas] (Biswas et al., 2006; Schlegel et al., 2016; Verma and Modgal, 1983) . Average WEY of the rotation is then calculated as the sum of WEY of all crops in rotation divided by number of years to complete a cycle of the rotation. The conversion of crop yields to WEY and the analysis that followed (described above) is a way of standardizing yield from different crops (sorghum and wheat) so that averaging and other statistical analysis is possible. The analysis conducted on the WEY is not intended as a substitute for an economic analysis, which could have required further data on input and other cost in addition to output prices.
Similarly, analysis of the effect of crop rotation on available soil water at planting and at harvest, seasonal soil water change, and off-season soil water change were analyzed for each crop in one rotation compared with the same crop in another rotation. Mean separation test, for rotations that showed significant differences at P = 0.05, was conducted using Tukey's HSD test. 
RESULTS AND DISCUSSION
Yield and Yield Components Annual comparisons of each rotation indicated that yield of sorghum after wheat (wSsf or wwSf) was greater than yield of sorghum after sorghum (wsSf) (Fig. 2a) . Yields of sorghum after wheat in WSSF (wSsf) and WWSF (wwSf) rotations were similar in almost all the 20 yr. Over the years, yields of sorghum after wheat improved, but yields of sorghum after sorghum remained the same. Yearly wheat yields in Wssf were greater than wheat yields in WW in 12 of the 20 yr, with similar yields between the two rotations in the remaining 8 yr (Fig. 2b) . Wheat yields after fallow (Wssf and Wwsf) were greater or equal in most years compared with wheat yields after wheat (WW and wWsf). Wheat yields in all rotations appear to have declined over the years but at a significantly greater rate for wheat after wheat than wheat after fallow. Although not measured, more winter annual grass weeds were observed in WW than other wheat treatments, which might be at least partially responsible for the decline in WW yields. No observations were made of root diseases, which also might have been more prevalent in WW.
Similar to annual analysis, 20-yr average grain yield of sorghum after sorghum was significantly less than sorghum after wheat (Table 3) . Grain yield of the second sorghum crop was only 63% of the first sorghum crop in WSSF. Grain yield of wheat after wheat in continuous WW rotation was less than wheat after wheat in wWsf rotation, and both yields of wheat after wheat (in WW and wWsf) were less than wheat after fallow (in Wwsf or Wssf) when averaged across all years. Continuous wheat averaged 63% of wheat yield after fallow (in WWSF), whereas second-year wheat averaged 80% of the first year wheat in same WWSF rotation. On average, WW produced 1.53 Mg ha -1 yr -1 wheat (Table 3 ). The 4-yr WWSF rotation produced 4.91 Mg ha -1 of sorghum and 2.18 Mg ha -1 of wheat, which together were about 1.96 Mg ha -1 yr -1 WEY. Similarly, the 4-yr WSSF system produced 2.05 Mg ha -1 yr -1 WEY.
Among the three yield components (Table 4) , the number of heads and the number of seeds per head were lower for sorghum after sorghum compared with sorghum after wheat. However, seed mass did not differ between sorghum after sorghum or after wheat. For wheat, all three yield components were lower, although not always significantly lower, when wheat followed wheat, particularly for the WW rotation, compared with wheat after fallow in Wssf or Wwsf.
The significantly lower yield of sorghum after sorghum compared with sorghum after wheat reported here is in agreement with previous reports (Azevedo et al., 1999; Holland and Herridge. 1992; Janzen et al., 1987; Williams et al., 2000) . Similarly, our results of significantly lower yield of wheat after wheat compared with wheat after fallow agree with previous findings (Lindwall et al., 1995; Mrabet, 2011; Smith et al., 2008) . Length of fallow for sorghum after sorghum was less than for sorghum after wheat, and, similarly, the length of fallow for wheat after wheat was less than wheat after fallow (Fig. 1) . This difference in length of fallow directly affects fallow Fig. 2 . Sorghum grain yield after wheat (sorghum that comes after wheat in wheat-wheat-sorghum-fallow [wwSf] and sorghum that comes after wheat in wheat-sorghum-sorghum-fallow [wSsf]) or after sorghum (sorghum after sorghum in wheat-sorghum-sorghumfallow [wsSf]) (top) and wheat grain yield following wheat (wheat that comes after wheat in wheat-wheat-sorghum-fallow [wWsf] and continuous annual wheat [WW]) or after fallow (wheat in wheat-wheat-sorghum-fallow that comes after fallow [Wwsf] and wheat in wheat-sorghum-sorghum-fallow that comes after fallow [Wssf]) (bottom). Capital letter denotes the specific crop in the rotation. accumulation of soil water. As the length of fallow increased, yield of the following crop generally increased compared with yield of the same crop after a shorter fallow period.
Biomass and Harvest Index
Average annual biomass yield (total above ground biomass), similar to grain yield, was greater for sorghum after wheat than sorghum after sorghum in almost half of the 16 yr for which biomass data were available (Fig. 3a) . Similarly, the harvest index (HI) of sorghum (average, 0.4) was significantly lower for sorghum after sorghum in half of the study years compared with sorghum after wheat (Fig. 3b) . The yearly variation in wheat biomass is more prominent than the difference between rotation sequences (Fig. 3c) . However, wheat after wheat, particularly in a continuous wheat rotation, had less biomass compared with wheat after fallow in half of the study years. Few significant differences were obtained for wheat HI between different rotations in most years (Fig. 3d) .
Averaged across years, biomass and HI of wheat after wheat were less than wheat after fallow (Table 4) . Grain sorghum biomass and HI after grain sorghum were less than grain sorghum after wheat. Overall, biomass produced per year for WSSF rotation was greater than WWSF and biomass of WWSF was greater than the WW rotation. Table 3 . Average actual and wheat equivalent yield (WEY) of grain sorghum and winter wheat in in continuous annual wheat (WW), wheat-wheat-sorghum-fallow (WWSF), and wheat-sorghum-sorghum-fallow (WSSF) rotations from 1996 to 2015 at Tribune, KS. Fig. 3 . Sorghum (top panel) and wheat (bottom panel) biomass (a, c) and harvest indexes (b, d) in sorghum after wheat (sorghum that comes after wheat in wheat-wheat-sorghum-fallow [wwSf] and sorghum that comes after wheat in wheat-sorghum-sorghum-fallow [wSsf]) or after sorghum (sorghum after sorghum in wheat-sorghum-sorghum-fallow [wsSf] ) and wheat after wheat (wheat that comes after wheat in wheat-wheat-sorghum-fallow [wWsf] and continuous annual wheat [WW] ) or after fallow (wheat in wheat-wheatsorghum-fallow that comes after fallow [Wwsf] and wheat in wheat-sorghum-sorghum-fallow that comes after fallow [Wssf] ). Capital letter denotes the specific crop in the rotation.
Biomass and HI values of sorghum and the effect of rotation on these variables (biomass and HI) that we report here are in line with previous research (Mahama et al., 2014; Peterson and Varvel, 1989; Prihar and Stewart, 1991) . A significant effect of various rotations on biomass and wheat HI was also reported (López-Bellido et al., 2000; Mrabet, 2011; Turner, 2004) . Rotations that increase grain yield by facilitating better nutrient and water use often increase biomass as well. However, the relative increase of grain yield is often greater compared with the increase in biomass, which results in a higher HI. In our study, for example, there was a 57% increase in grain yield of sorghum after wheat compared with sorghum after sorghum, and there was a 58 to 68% increase in wheat grain yield after fallow compared with continuous wheat (Table 1) , which was greater than the 27% sorghum biomass or 37 to 47% wheat biomass increase from similar rotations.
Water Use and Water Productivity
Water use and water productivity varied with year (Fig. 4) . In most years, water use and water productivity of winter wheat after fallow (Wssf, Wwsf) were greater than for wheat after wheat (wWsf, WW). In most years, grain sorghum water use did not differ by following wheat or sorghum. In some of the years (i.e., 1997, 2000, 2006, 2009, and 2014) , however, water use of grain sorghum after wheat was greater than after sorghum. Water productivity of grain sorghum differed by cropping sequence, with grain sorghum after wheat having greater productivity in most years compared with grain sorghum after grain sorghum.
Similar to the annual analyses, when averaged across years, water use of wheat after wheat was less than wheat after fallow. Grain sorghum water use after grain sorghum was less than grain sorghum after wheat (Table 5) . Overall water productivity of WSSF was greater than WWSF, and water productivity of WWSF was greater than the WW rotation.
Soil Water
Available soil water at planting of sorghum differed between sorghum after wheat and sorghum after sorghum (Fig. 5) . This difference is most apparent in soil depths from 60 to 150 cm. Soil water at planting was greater for sorghum after wheat (wSsf and wwSf) compared with sorghum after sorghum (wsSf). However, at sorghum harvest there was no significant difference in available soil water at any depth among the rotations. Available soil water was greater in the upper soil depth (0-30 cm) compared with lower soil depths at both planting and harvest of sorghum, and available soil water at planting was greater than available soil water at harvest at similar depths. As expected, sorghum crop-season soil water change was negative for all three occurrences of sorghum (Fig. 5) . Sorghum crop-season soil water change (in-crop soil water depletion) was more negative Table 4 . Average number of heads, number of seeds head -1 , seed mass, biomass, and harvest index for grain sorghum and winter wheat in continuous annual wheat (WW), wheat-wheat-sorghum-fallow (WWSF), and wheat-sorghum-sorghum-fallow (WSSF) rotations from 1996 to 2015 at Tribune, KS. for sorghum after wheat than for sorghum after sorghum. Sorghum off-season soil water change (fallow accumulation) was positive and greater across any depth for sorghum after wheat than for sorghum after sorghum. However, the average fallow precipitation storage efficiency (i.e., the ratio of amount of soil water accumulated during the fallow period to the amount of fallow precipitation) was similar for sorghum after sorghum (0.39) compared with sorghum after wheat (0.38).
Rotation
Similarly, available soil water at planting of wheat differed between wheat after wheat and wheat after fallow (Fig. 6) . Available soil water was significantly greater for wheat after fallow (Wssf and Wwsf) compared with wheat after wheat (WW and wWsf) for depths from 60 to 180 cm. Similar to sorghum, available soil water at harvest of wheat showed little difference between the different crop sequences, indicating the wheat crop had utilized all the available soil water. The wheat Table 5 . Average water use and water productivity for grain sorghum and winter wheat in continuous annual wheat (WW), wheatwheat-sorghum-fallow (WWSF), and wheat-sorghum-sorghum-fallow (WSSF) rotations from 1996 to 2015 at Tribune, KS. 
11.9a -4.6b 5.1ab 6.4 WSSF 11.7a 7.9b -5.3a 7.0 HSD 0.99 0.69 † Within columns, means with the same letter are not significantly different (p = 0.05). ‡ HSD is the minimum difference between two treatments used to declare they are significantly different using Tukey's HSD test. § Wheat equivalent yield. Fig. 4 . Grain sorghum and winter wheat water use and water productivity in wheat-sorghum-sorghum-fallow (WSSF), wheat-wheatsorghum-fallow (WWSF), and continuous annual wheat (WW) rotation and sorghum after wheat (wwSf and wSsf) or after sorghum (wsSf) and wheat after wheat (wWsf and WW) or after fallow (Wwsf and Wssf). Capital letter denotes the specific crop in the rotation. wSsf, sorghum that comes after wheat in wheat-sorghum-sorghum-fallow; wsSf, sorghum after sorghum in wheat-sorghum-sorghumfallow; wwSf, sorghum that comes after wheat in wheat-wheat-sorghum-fallow. Fig. 6 . Available soil water at winter wheat planting (a) and harvest (b), winter wheat crop-season soil water change (c), and off-season (time between previous crop harvest and winter wheat planting) soil water change (d). Capital letter denotes the specific crop in the rotation. Wssf, wheat in wheat-sorghum-sorghum-fallow that comes after fallow; WW, continuous annual wheat; Wwsf, wheat in wheat-wheat-sorghum-fallow that comes after fallow; wWsf, wheat that comes after wheat in wheat-wheat-sorghum-fallow.
crop season soil water change was negative for all rotations, and the change in soil water for wheat after fallow was significantly greater than after wheat. Wheat after fallow benefited from increased fallow accumulation due to the longer fallow period compared with wheat after wheat. The improved accumulation occurred despite a reduced fallow precipitation storage efficiency for wheat after fallow (0.30) compared with the fallow precipitation storage efficiency of wheat after wheat (0.36).
In summary, available soil water in the 0-to 180-cm soil profile at planting and off-season accumulation were greater for sorghum after wheat (~208 mm) compared with sorghum after sorghum (~174 mm) (Fig. 7) . There was no difference in available soil water at harvest, which resulted in relatively more change (deficit) for soil water in sorghum after wheat compared with sorghum after sorghum. Similarly, available water in the 0-to 180-cm soil profile at planting and off-season accumulation was greater for wheat after fallow (~224 mm) compared with wheat after wheat (~125 mm) (Fig. 7) . There was no difference in available soil water at harvest, which meant greater relative change (deficit) for soil water in wheat after fallow compared with wheat after wheat.
Dryland farming is limited by water availability; therefore, crop water productivity is among the required measures of a sustainable dryland crop rotation (Huang et al., 2003; Pala et al., 2007; Peterson et al., 1993 Peterson et al., , 1996 . Stratified use of soil water by component crops and increased interception of annual precipitation are among some of the mechanisms that were described to have contributed to better crop water productivity with the selected rotations in previous research. Our results agree with these findings (i.e., compared with the continuous wheat rotation): the 4-yr wheat-sorghum rotations in our study increased crop water productivity. Among the reasons that the 4-yr rotations were able to increase crop water productivity is that the rotation of winter wheat with a warm-season crop (sorghum) contributed to increased use of summer precipitation and summer radiation (June-October) that could otherwise be wasted with a WW system. Second, the average fallow precipitation storage efficiency of WSSF of 0.36 (average of Wssf, 0.31; wSsf, 0.38; and wsSf, 0.39) and WWSF of 0.36 (average of Wwsf, 0.30; wWsf, 0.39; and wwSf, 0.39) systems remained similar to the average fallow precipitation storage efficiency of WW (0.34) even with longer fallow periods primarily because of higher fallow efficiencies prior to sorghum.
Relationships
Off-season precipitation, soil water at planting, growing season precipitation, and seasonal temperature affected grain sorghum and winter wheat yields. Grain sorghum yields were significantly and positively correlated with soil water at planting and seasonal precipitation (particularly July rainfall) but negatively correlated with April maximum temperature (Fig. 8a-c) . The negative relation between sorghum yield and April maximum temperature is perhaps due to increased evaporation and decreased off-season soil water storage. In years with available soil water at planting ³250 mm, sorghum yielded ~4 Mg ha -1 or better. The probability of storing ³250 mm (180 cm soil profile) -1 of soil water in sorghum after sorghum was only 20%, compared with 40 to 45% for sorghum after wheat.
Winter wheat yields were also positively correlated with soil water at planting and growing season precipitation but negatively related to May and June maximum temperatures (Fig. 8d-f) (Holman et al., 2011) . In years with available soil water at planting ³250 mm, wheat yielded ~1 Mg ha -1 or better. The probability of storing ³250 mm (180 cm soil profile) -1 soil water in wheat after wheat was only 10%, compared with 53% for wheat after fallow. Sorghum yield was strongly related to soil water at planting and seasonal rainfall, whereas winter wheat yield was more strongly related to seasonal precipitation than to available soil water at planting (Stone and Schlegel. 2006) . Nielsen et al. (2002) found positive relationships between wheat yield and available water at planting. The strength of the relationships between wheat yield and soil water at planting that they have found, however, was dependent on seasonal rainfall. A strong relationship was reported for seasons with above-average rainfall (AprilJune pan evaporation-precipitation, >650 mm), and a weak relationship was reported for dryer seasons (April-June pan evaporation-precipitation, <650 mm).
The fallow period (i.e., the number of months from harvest of one crop to planting of another crop) affected yield. Sorghum Fig. 7 . Available soil water at planting and harvest of sorghum and wheat and crop-season and off-season soil water changes for the 0-to 180-cm soil profile. Capital letter denotes the specific crop in the rotation. Wssf, wheat in wheat-sorghum-sorghumfallow that comes after fallow; wSsf, sorghum that comes after wheat in wheat-sorghum-sorghum-fallow; wsSf, sorghum after sorghum in wheat-sorghum-sorghum-fallow; WW, continuous annual wheat; Wwsf, wheat in wheat-wheat-sorghum-fallow that comes after fallow; wWsf, wheat that comes after wheat in wheat-wheat-sorghum-fallow; wwSf, sorghum that comes after wheat in wheat-wheat-sorghum-fallow.
after wheat had about 11 mo of fallow from wheat harvest to sorghum planting, compared with only 6 mo from sorghum harvest to next sorghum planting. Similarly, wheat after fallow had about 10 mo, compared with 3 mo from wheat harvest to the after-wheat planting. The longer the fallow period, the better was the yield, at least partially due to soil water replenishment. The entire rotation (WSSF with 11 mo between harvest of wheat and planting of sorghum, 6 mo between the two sorghum crops, and 10 mo of fallow from sorghum harvest to wheat planting) had relatively widely distributed sequences of crops compared with WW (3 mo between harvest of wheat and planting of the next wheat crop) to allow better soil water accumulation at planting of each of the crops. In addition, sorghum yields were greater than wheat yields, but the average price of wheat was only a little greater than sorghum, which also favors WSSF rotation than WWSF or WW.
Comparison with the Popular 3-Year
Wheat-Sorghum-Fallow System
The popular 3-yr WSF system in the Great Plains was not part of our study. However, given our results of the WSSF and WWSF systems, we may be able to extrapolate to a WSF system. Based on our analysis, we can assume that yields of wheat and sorghum were significantly affected more by the previous crop than by the whole system. In a WSF system, wheat comes after fallow; therefore, we expect its yields to be similar to the wheat yield after fallow in the Wssf or Wwsf, which is about 2.50 Mg ha -1 (average of the wheat from Wssf and Wwsf) ( Table 3) . With a similar analogy, we would expect sorghum yields of WSF to be similar to the sorghum yield after wheat in the wSsf or wwSf, which is about 4.90 Mg ha -1 or 3.50 WEY Mg ha -1 (average of the sorghum in wSsf and wwSf) (Table 3) . Therefore, the expected yield of a WSF system (i.e., 2.00 Mg WEY ha -1 yr -1 ) would be similar to WSSF (2.05 Mg WEY ha -1 yr -1 ) and WWSF (1.96 Mg WEY ha -1 yr -1 ) and considerably greater than WW (1.53 Mg WEY ha -1 yr -1 ).
CONCLUSIONS
The 4-yr wheat and grain sorghum rotations (WWSF and WSSF) evaluated were superior in grain yield, biomass, available soil water, and water productivity compared with a continuous wheat rotation. Both 4-yr rotations produced similar WEY yields as the 3-yr WSF rotation. The superiority of these 4-yr rotations compared with the continuous wheat was due to a combination of factors, such as the inclusion of sorghum, which is better yielding compared with wheat (greater water productivity); increased wheat or sorghum yield with increased fallow between consecutive crops; and the similar price (value) of sorghum and wheat during the research period. Sorghum after wheat was better in grain yield, biomass, available soil water, and water productivity compared with sorghum after sorghum, and wheat after fallow was greater in grain yield, biomass, available soil water, and water productivity than wheat after wheat. The yield of the second wheat crop was 80% of the first wheat crop in WWSF, whereas the yield of a second sorghum was only 63% of the first sorghum crop in WSSF and declined over time despite our expectation that the yield would improve due to continuous no-till practices. In selecting profitable rotations for dryland, producers should evaluate cropping systems from soil water storage at planting (length of fallow, fallow precipitation, and fallow precipitation storage efficiency) in addition to crop yield potential and market value. Increasing cropping intensity from 3-to 4-yr rotations does not necessarily increase profitability. 
